Sodium-dependent phosphate entry into neuronal cells was demonstrated in synaptic plasma membrane vesicles and synaptosomes prepared from rat brains, in PC12 cells and in primary culture of pituitary cells. The extent of the w x w x sodium-dependent phosphate transport in the synaptic plasma membrane preparation, at Na s 110 mM and P s 0.1 out i out mM, varied between 0.28 to 1.02 nmol phosphatermg membrane proteinrmin. In pituitary cells the value was only about 0.05 nmol P rmg proteinrmin. In PC12 cells the activity increased from 0.0085 to 0.26 nmol P rmg proteinrmin in the 
Introduction
Phosphate is a substrate andror an effector of several cytosolic key enzymes of the living cell. Phosphate level in the cells is determined by the Ž balance between the rate of ATP and to a lesser . extent other high energy phosphate compounds production and utilization in the cell and by the balance of phosphate fluxes between the intracellular and extracellular compartments through the cell membrane. The balance between influx and efflux of phosphate is determined by the extracellular phosphate concentration, by the transport proteins that are involved in phosphate passage through the membranes and by the driving forces that act on the Ž w x. phosphate for review see Ref. In higher organisms, the phosphate concentration in the extracellular fluid is kept within a narrow w x range that is species specific 2 . In humans the normal plasma phosphate concentration is 1.1 mM " 0.2 mM while in other mammals the phosphate concentration in the extracellular fluid is up to threefold w x higher 2 . In rat liver, cytosolic phosphate concentration is approximately 1 mM whereas the extracellular w x concentration is about 2 mM 3 . In some aglomerular fishes the phosphate concentration in the plasma can w x be as high as 6 mM 4 . Since the resting membrane potential can be in some excitable cells in the vicinity of y90 mV, the equilibrium intracellular phosphate concentration should be between 30-times to 1000-times lower, i.e., if only the monovalent or only the divalent phosphate anion, respectively, can pass through the membrane. The fact is that phosphate concentration in the cytosol of cells is in the same 0005-2736r97r$17.00 Copyright q 1997 Elsevier Science B.V. All rights reserved.
Ž . PII S0005-2736 96 00238-6 ( )order of magnitude as the concentration in the extracellular fluid. This implies that some type of active transport of phosphate into the cells must be operating in the plasma membrane. One of these well characterized phosphate active transport into cells is the sodium-driven phosphate transport that was characterized in renal and intestinal epithelial luminal membranes and is responsible for the active reabsorpw x tion of phosphate in these organs 1 . In addition, these transport systems were described also in nonw x w x epithelial cells such as liver 5,6 , osteoblasts 7 , w x w x RBC 8 and heart muscle cells 9 .
Phosphate transport was scarcely studied in neuronal and related cells. It was first demonstrated it w x squid and frog neurons 10-12 and partially characw x w x terized in vagus nerve 13 . Miyamoto et al 14 found that mRNA encoding the Na q -dependent P i Ž . cotransporter NPT-1 is expressed in the kidney cortex, the liver and the brain but not in other tissues. w x Ni et al 15 identified a brain specific sodium-depen-Ž . dent phosphate cotransporter BNPI that is expressed by specific neuron populations in the CNS. Recently, w x q Glinn et al 16 characterized Na -dependent P upi take in rat fetal cortical neurons and showed that over 90% of saturable phosphate uptake is dependent on sodium. The aim of this study was to show the presence of sodium-dependent phosphate transport in subcellular preparations of neuronal cells and in tissue cultures of related cells and characterize its kinetic parameters and sensitivity to transport inhibitors.
Materials and methods

Preparation of synaptic plasma membrane Õesi-cles
Synaptic plasma membrane vesicles were prepared from rat brains as described by Kanner et al. with w x minor modifications 17 . Sabra rats were killed by cervical dislocation. Brains excluding the cerebellum were homogenized ten volumes of 0.32 M mannitol, 1 mM EDTA solution, using a Wheaton all glass Ž . homogenizer B three strokes . The homogenate was Ž centrifuged at 3000 = g for 10 min Sigma 3K20 . centrifuge, Germany , the supernatant was collected and centrifuged again for 15 min at 27 000 = g resulting in a crude mitochondrial pellet. This pellet Ž . was homogenized three strokes in a minimal vol-Ž . ume of 5 mM Tris-HCl, 1 mM K-EDTA pH 7.4 buffer and subsequently the volume was adjusted to 40 ml using the same buffer. After stirring for 45 min, the suspension was centrifuged for 20 min at 27 000 = g. The resulted pellet contained mainly membranes from the synaptic plasma membrane. The pellet was suspended in 0.3 M sucrose, 20 mM Ž . Tris-HCl pH 7.4 , and homogenized in a glass Teflon homogenizer. Aliquots were frozen in liquid nitrogen and kept at y708C. Under these conditions, the transport ability of the vesicles was stable for at least two months. 
Preparation of pinched
Ž
. later Dulbecco's modified Eagle's medium DMEM supplemented with 10% fetal bovine serum were added to the culture dish. The cells were kept in the incubator for 1-9 days before the experiment. Pheochromocytoma cell line, PC12, were grown in culture plates in DMEM containing 7.5% fetal bovine serum, 7.5% horse serum, 100 mgrml streptomycin, and 100 unitsrml penicillin. The cultures were grown Ž . in incubators 378C, 5% CO . The medium was 2 replaced twice a week. Once a week the cultures were split 1:6. Prior to the experiment the cells were Ž grown in 24-well tissue-culture dishes Nunc Multi-. dish coated by a solution containing polylysin 10 Ž . mgrml and collagen 10 mgrml 1:1 . Differentiation of PC12 cells was achieved by the addition of NGF 50 ngrml, isolated from submaxillary glands by liq-( )w x uid chromatography and purified by HPLC 21 , to the cell culture daily for 7 days.
32 P transport to synaptic plasma membrane i
Õesicles
Transport assays were performed by a rapid filtration technique. The plasma membrane synaptic vesicles were thawed at room temperature and suspended Ž in a loading solution 5 mM NaCl, 100 mM KCl, 1 mM MgCl , 78 mM mannitol and 20 mM Tris-HCl 2 Ž
.. pH 7.4 . The suspension was incubated in 378C for 15 min and then centrifuged for 20 min at 27 000 = g. The pellet was suspended in the loading solution, and kept at 378C for the duration of the experiment. The reactions were initiated by the addition of 50 ml of membrane vesicle suspension to 450 ml of the incu- many . Non-specific binding of P to the memi branes and filter was determined by measuring the radioactivity in tubes in which the stop-solution was added to the reaction mixture prior to the addition of the vesicles.
32 P transport to synaptosomes i
Freshly prepared synaptosomes were suspended in an incubation medium containing 5 mM NaCl, 125 mM choline-Cl, 0.1 mM CaCl , 0.1 mM KH PO Ž . and 20 mM Tris-Hepes pH 7.4 . The synaptosome suspension was kept at 378C for the duration of the experiment. The transport assays were performed by a rapid filtration technique as described above for the synaptic membrane vesicles. the synaptosomes were Ž . collected on 1 mm GFrB filters Whatman, England by suction. The amount of radioactive P remaining i on the filters was determined as described above for synaptic plasma membrane vesicles. Ž . m Ci P 1Cirmmol to the tissue-cultured wells. i Sodium independent transport was determined by the addition of the same buffer in which high sodium concentration was replaced by high choline, i.e. 100 mM choline-Cl and 5 mM NaCl. The uptake was terminated at the desired time following incubation at room temperature, by suction of the radioactive medium and rinsing of the wells, three times, with an ice-cold stop-solution containing 4 mM CaCl , 5.4 2 Ž . mM KCl, 130 mM NaCl, 30 mM Tris-HCl pH 7.4 and 0.32 M sucrose. The cells were dissolved by the addition of 1 ml 0.5 N NaOH. The solution was transferred to scintillation vials to which 'quicksafe' scintillation fluid was added, and the radioactivity determined. Protein was determined according to the Bradford Bio-Rad method using BSA as standard w x 22 . Since NaOH is known to interfere in the Bradford assay, in samples in which NaOH was present in Ž . significant amounts more than 0.1 N the BSA standard curve was generated in the presence of equal amount of NaOH.
Results
Sodium-dependent phosphate transport in synaptic membrane Õesicles
Sodium-dependent phosphate intake by synaptic plasma membrane vesicles was studied at 1 min after the addition of the radioactive element into the solution. This time interval was chosen because it represented rate of phosphate uptake well before the equilibrium distribution of the labeled compound between Ž the external solution and the cytosol of cells data not . shown . The results of the experiments where the external phosphate concentration was kept at 0.1 mM, and the sodium concentration in the medium varied between zero and 120 mM, are shown in Fig.  1 . The curve in the figure was obtained by a best to a Ž . Žw x n Ä n Hill expression of the type V s V Na Na r K NaCl was added at different concentrations. KCl was added in sufficient quantities to ensure that the total Na q plus K q concentration was 120 mM in each case. The reaction was stopped after 1 min. The data points are the mean"S.E. of 10 experiments performed in quadruplicates on different membrane preparations. w x n 4. q Na q V , where V is the total phosphate trans-0 Ž . port, V Na is the maximal sodium-dependent max w x phosphate transport, Na is the sodium concentration in the external medium, K is the Hill apparent dissociation constant of sodium binding to the transporter, n is the number of sites that have to be occupied by sodium in order for the transporter to transfer the phosphate to the other side of the membrane, and V 0 is the sodium-independent phosphate transport. The above equation corresponds to the simplest model of cotransporter based on the assumption that a mobile transporter is either a protein that is free of sodium and phosphate or a transporter that all the n sites of sodium and the site of phosphate are occupied. The curve shown in Fig. 1 corresponds to the following Ž . values of the parameters: V Na s 0.5 nmol P rmg max i membrane protein; V s 0.105 nmol P rmg mem-0 i brane protein; K s 43 mM; and n s 2. It is interesting to note that according to this equation the transporter is physiologically poised to drive phosphate into the cells, i.e., at external Na of 140 mM the probability of the transporter being occupied in both sites by sodium will be greater than 0.92 whereas with intracellular sodium concentration of 10 mM the probability of the transporter being occupied by sodium on both sites decreases to only about 0.05. Thus, at physiological conditions the transporter is set to transfer phosphate into cells at around 87% of its V . Prmg protein by determining the least sum of squares of absolute and relative deviations respectively, from the experimental points. The results depicted in Fig. 1 and Fig. 2 are in good agreement. According to the theoretical curves of Fig. 2 , the sodium-dependent phosphate transport at 0.1 mM phosphate would be 0.8 or 0.545 nmol P rmg membrane protein. Accordi ing to the theoretical curve of Fig. 1 , the sodium-dependent phosphate transport at 110 mM sodium should be 0.44 nmol P rmg membrane protein. Coni sidering the spread of the results in each set of experiments and the fact that each set was performed on a different batch of membrane preparation, the figures of the calculated phosphate transport at 0.1 mM phosphate and 110 mM sodium from the curves fit reasonably well. X -diisothiocyanatestilbene-2,2 X -disulfonic acid Ž . DIDS at high concentration inhibit sodium-dependent P transport. This is in agreement with previous i w x studies on other tissues 23-29 . The sodium pump inhibitor, ouabain, did not inhibit the transport probably because that at these short intervals, i.e., less than 2 min of exposure, it did not affect significantly the sodium concentration within the vesicles. Surprisingly, amiloride significantly increased the transport. The mechanism of this enhancement may be related to the amiloride effects on the Na-H exchanger and warrants further investigation. Table 2 shows the values of sodium-dependent phosphate transport as determined in another set of synaptic membrane vesicles preparation in comparison to synaptosome preparation, to differentiated and undifferentiated PC12 cells and to pituitary primary cells. In all these neuronal preparations a significant sodium-dependent phosphate transport was observed, pointing to the presence of the Na-P co-transport i system in these preparations. The sodium-dependent P transport in the vesicles preparation is 4-fold higher i than in the synaptosomes probably due to the enrichment of transport proteins in the vesicles compared to the synaptosomes. It is noteworthy that the differenti- Table 1 The effect of different inhibitors on phosphate uptake Inhibitor Sodium-dependent P uptake Sodium-dependent P uptake Ž Synaptic plasma membrane vesicles were loaded in 5 mM NaCl, 100 mM KCl, 1 mM MgCl , 78 mM mannitol, 20 mM Tris-HCl pH 2 . 7.4 , and incubated in media containing the desired inhibitor and either 110 mM NaCl, 1.1 mM MgCl , 1.1 mM Tris-HCl, 78 mM 2 Ž . Ž .Ž mannitol pH 7.4 or 5 mM NaCl, 100 mM KCl, 1 mM MgCl , 1.1 mM Tris-HCl, and 78 mM mannitol pH 7.4 for sodium-indepen- Significantly lower than control values P -0.1,
Effect of Õarious inhibitors on the sodium-dependent phosphate transport
Sodium-dependent phosphate transport in other cells and preparations
Significantly higher than control values P -0.1, paired comparative t-test . ated PC12 cells have 30-fold higher sodium-dependent phosphate transport activity compared with the non-differentiated cells.
( )
Discussion
The present study demonstrated unequivocally the presence of sodium-dependent phosphate transport in nervous tissue, in differentiated PC12 cells and to a lesser extent but still conspicuously enough in primary culture of pituitary cells. Thus, in agreement w x with previous studies 13-16 , we demonstrated that in addition to the well known presence of the Na-P i transporter in the luminal membranes of renal w x w x 1,14,28,30 and intestinal 24,31 epithelial cells, it is also present in neuronal and related cells. The Na-P i transporter in the classical renal and intestinal epithelial cells plays a pivotal role in the active transport of phosphate from the lumen of these organs to the extracellular milieu of the organism. Obviously, in the non-epithelial cells the Na-P transporter is poised i to enable active transport of phosphate into cells. This is probably the cells' means of ensuring a cytosolic phosphate concentration that would not decrease below a limit that will risk the cell function, e.g., the rate of production ATP in the cells. This is particularly important in excitable cells that posses a relatively high negative resting membrane potential that would tend to reduce the phosphate concentration in the cytosol of cells well below the concentration in the extracellular fluid. Our study complements other studies on liver cells, osteoblasts, red blood w x cells, and heart muscle cells 5-9 and imply that the Na-P transporter is ubiquitously expressed and aci tive in many types of cells. It was shown that its activity can be modified in cells derived from various sources by manipulating the phosphate concentration in the culture medium; e.g., reducing the phosphate concentration to zero results in clear increase in the w x Na-P activity 32 . The way in which the Na-P i i activity can be modified in various types of cells remains to be elucidated. It is interesting that in liver cells insulin, among its other profound effects, also w x increases the sodium driven phosphate transport 5 .
Another possible regulator of phosphate movement w x across cell membranes is the anion exchanger 32 . In cells devoid of an active inward transport of chloride this system cannot help in increasing the phosphate concentration in cells beyond the equilibrium value. However, in cells that posses a robust Na-driven Cl transport, the anion exchange system can be used to elevate also the phosphate concentration inside the cells beyond the equilibrium value. It will be of interest to compare the extent of the Na-P transi porter activity in non-epithelial cells in relation to the presence of secondary active bumetanide-sensitive chloride transport.
The K for phosphate as determined in this study 
An important component of neuronal differentiation is the tightly controlled expression of a spectrum of plasma membrane proteins such as ion channels, transporters and receptors. The PC12 rat pheochromocytoma cell line is widely used to study neuronal Ž differentiation by growth factors for review see Ref. w x. 36 . In response to NGF, PC12 cells differentiate into sympathetic-like neurons and become electrically excitable as a result of enhanced expression of a w x w x variety of sodium 37 and calcium channels 38 . The dramatic increase of the sodium-dependent phosphate transport in the differentiated PC12 cells in comparison to the non-differentiated cells, as shown in this study, may indicate the involvement of this transport system in processes underlying neuronal function.
